The role of methyl jasmonate (MeJa) in promoting senescence has been described previously in many species, but it has been questioned in monocarpic species whether induced senescence is a result of a potential death hormone like MeJa, or a consequence of an increased metabolic drain resulting from the growth of reproductive tissue. In oilseed rape (Brassica napus L.), a polypeptide of 23 kDa has been recently identified as a putative vegetative storage protein (VSP). This polypeptide could be used as a storage buffer between N losses from senescing leaves putatively promoted by methyl jasmonate that might be produced by flowers, and grain filling which occurs later on, while N uptake is strongly reduced. In order to describe causal relationships during Brassica napus L. plant responses to MeJa treatment, a kinetic experiment was performed to determine the order and the amplitude with which general processes such as growth, photosynthesis, chlorophyll content, N uptake, and N storage under the form of the 23 kDa VSP are affected. One of the most immediate consequences of MeJa treatment was the strong reduction of nitrate uptake within 6 h, relative to control plants. However, this was not a specific effect as K
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[ uptake was similarly affected. Photosynthesis was reduced later (after 24 h), while chlorophyll content as well as leaf growth also decreased in a similar way. Moreover, this was concomitant with a remobilization of endogenous unlabelled N from senescing leaves to roots. Accumulation of the 23 kDa VSP was induced in the taproot after 24 h of MeJa treatment and was increased 10-fold within 8 d. On the other hand, the reversible effect of a MeJa pretreatment was tested in the long term (i.e. along the growth cycle) using plants previously grown in field conditions induced for flowering. Results show that a MeJa pulse induced a reversible effect on N uptake inhibition. In parallel, protein immunologically related to the 23 kDa VSP was detected in stems with a similar molecular weight (23 kDa), and in flowers and leaves with a molecular weight of 24 kDa. This accumulation was concomitant with the remobilization of both subunits of Rubisco. During stem and pod development, this protein induced by MeJa is fully hydrolysed. The external and intermittent supply of MeJa mimic some of the plant physiological processes previously reported under natural conditions. This suggests that in oilseed rape, methyl jasmonate could be considered as a possible monocarpic senescence factor while accumulation/mobilization of the 23 kDa VSP in taproot could be a marker for the cessation of N uptake and the initiation of a massive leaf senescence.
Introduction
The term 'death hormone' has been used (Noodén and Leopold, 1978) when discussing senescence in plants that flower only once (monocarpic plants) such as peas, cereals or soybean. Monocarpic senescence is a dramatic 3 To whom correspondence should be addressed. Fax: [ 33 2 31 56 53 60. E-mail: ourry@ibba.unicaen.fr phenomenon, visible in most fields before harvest. Senescence is a highly regulated, ordered series of events involving loss of photosynthesis, breakdown of the CO 2 -fixing enzyme such as ribulose bisphosphate carboxylaseu oxygenase (Rubisco) and other proteins, loss of chlorophyll, removal of amino acids and, in some cases, accumulation of new proteins. Senescence promotes movement of nutrients from the vegetative parts to the fruits or to the seeds. As it has been shown that removal of flowers or fruits prevents senescence, one hypothesis that may explain this phenomenon is that developing fruits produce a senescence factor (Engvild, 1989; Koda, 1994; Smart, 1994; Buchanan-Wollaston, 1997) . This so-called death hormone would be exported from the fruits to the vegetative parts of the plant, where it may stop growth, activate senescence, promote remobilization of nutrients, and finally lead to the death of the plant. An alternative hypothesis has been developed to explain monocarpic senescence: the nutrient drain hypothesis of Molisch modified by Kelly and Davies proposes that a pull from the strong sink of young reproductive tissues monopolizes all nutrients, helped by a reduced sink strength of the vegetative parts in the flowering plant (Kelly and Davies, 1988) . Engvild reviewed the death hormone hypothesis and described the possibility that jasmonic acid and methyl jasmonate may be the death hormones (Engvild, 1989) since soybean fruit contains a high level of jasmonic acid (Lopez et al., 1987) . Moreover, a loss of chlorophyll, the repression of genes related to photosynthesis at the transcriptional and translational levels (Reinbothe et al., 1994) and the degradation of Rubisco (Weidhase et al., 1987a, b; Mü ller-Uri et al., 1988; Rakwal and Komatsu, 2000; Wierstra and Kloppstech, 2000) are typical symptoms promoted by MeJa treatment in mature leaves. These symptoms resemble those of senescence. Methyl jasmonate can also activate the expression of several genes, leading to the accumulation of their products, which are referred to as jasmonate-induced proteins (JIPs) and vegetative storage proteins (VSPs). Thus, the jasmonate-induced proteins seem to function as stress proteins and may protect and defend plants under stress conditions. For example, the proteinase inhibitors of tomato and potato accumulate in leaves after wounding, either by mechanical damage or injury by insects (Farmer and Ryan, 1990) and are most likely involved in the protection of the remaining tissues against future insect attacks (Sembdner and Parthier, 1993) .
Among jasmonate-induced storage proteins, the group of vegetative storage proteins of soybean has been studied intensively in several laboratories. These glycoproteins accumulate in vegetative organs (leaves) during flowering, leaf senescence and dessication periods (Sembdner and Parthier, 1993) . In oilseed rape (Brassica napus L.), previous study (Rossato et al., 2001a) has prompted questions about the identity and the transduction pathways of a senescence signal that moves into leaves and thus may be a factor initiating a decrease in N uptake and nutrient depletion of leaves, stem and taproot to sustain grain filling. On the other hand, other previous results (Rossato et al., 2001b) have shown that, in rape, a putative vegetative storage protein (VSP) of 23 kDa could be used as a storage buffer between N losses from senescing leaves putatively promoted by methyl jasmonate (which could be produced by flowers), and grain filling which appears later in the growth cycle. Moreover, it has also been shown that this 23 kDa putative VSP was accumulated at the same rate when MeJa was applied in the nutrient solution or sprayed on the leaves. Because it is well known that methyl jasmonate has strong and diverse effects on plant physiology, a kinetic experiment using MeJa-treated plants was performed in order to determine the order of events, the amplitude with which this hormone affects different physiological processes (from growth, photosynthesis, and chlorophyll content to N uptake and N storage under the form of the 23 kDa VSP) and finally to describe putative causal relationships. A second set of experiments was undertaken using plants taken from the field then pretreated with MeJa in order to see which physiological processes can be restored after MeJa removal, and how it can be related to what can be found in natural field conditions. (Clement et al., 1974; Hatch et al., 1986) 5.4 ; with micronutrients as previously described (Clement et al., 1978) . All culture units were drained and refilled with fresh nutrient solution of the same composition on day 18 after sowing. Nutrient concentrations were allowed to deplete by plant uptake until day 24 when automatic monitoring (every 27 min) and resupply of nutrients was introduced.
Materials and methods

Plant culture
Thereafter, the concentrations of K [ and NO 3 Y were maintained at 20 ] 2 mmol m Y 3 in each culture unit by automatic resupply at a rate equal to the depletion of K [ or NO 3 Y by plant uptake. All other nutrients were supplied automatically in fixed ratios to the net uptake of K [ (for 1 mol of K, 0.645, 0.057, 0.045, 0.00075, and 0.522 mol of S, Mg, P, Fe, and Ca, respectively, were supplied, with micronutrients as described previously (Clement et al., 1978) . Solution pH was maintained at 6.0 ] 0.1 by automatic delivery of H 2 SO 4 or Ca(OH) 2 to each culture unit throughout the experiment. A concentration of 20 ] 2 mmol m Y 3 NO 3 Y was maintained automatically in each culture unit from day 24 until the start of the methyl jasmonate (MeJa) treatment (day 26). Net uptake of K [ and NO 3 Y was calculated on an hourly basis from the amounts required to maintain the 'set point' concentrations in the flowing solutions.
Experiment 2: Brassica napus L. cv. Capitol plants were taken from a field plot in December when they were at the six leaf stage. The roots were gently rinsed with distilled water before transferring the plants to a hydroponic system (27 seedlings per 15 dm 3 plastic tank) in a growth room. The aerated nutrient solution previously described (Rossato et al., 2001a) . The thermoperiod was 20 C (day) and 15 C (night). The plants were used for experiments when the lateral roots (partly damaged during collection of the plants from field plots) had been growing for 3 weeks.
Kinetic study of the effects of methyl jasmonate supply (Experiment 1) On day 26 after germination, methyl jasmonate (100 mM) was applied in the nutrient solution for 8 d. Throughout this period, the composition of nutrient solution was identical to the abovedescribed solution (Experiment 1), except for the N source (K 15 NO 3 ) which was labelled with a 15 N excess of 1.54% at the start of MeJa application. At the beginning of the treatment ('time zero') and 6, 10, 24, 48, 96, 144, and 192 h later, net uptake of nitrate and potassium, photosynthetic activity (using a photosynthesis system Li-Cor, Eurosep Instruments), and chlorophyll content (using a SPAD-502 system, Minolta; Manetas et al., 1998) were measured for both control (grown without methyl jasmonate) and treated plants. Plants were then harvested at each date previously mentioned.
Study of the effects of a methyl jasmonate pretreatment along the growth cycle (Experiment 2) At day 0, plants at the bolting stage C1 (CETIOM source) were pretreated for 3 d with 100 mM methyl jasmonate (that was previously shown to induce 23 kDa protein accumulation within plants) applied in the nutrient solution, then grown in a nutrient solution without MeJa during 73 d (i.e. until the end of the growth cycle stage G5). Throughout this period, the composition of nutrient solution was identical to the above-described solution (Experiment 2) except for the N source (K 15 Soluble protein extraction and analysis Soluble proteins were extracted and analysed by SDS-PAGE as previously described (Rossato et al., 2001a) . Electrophoretic transfer of proteins from SDS-PAGE gels onto PVDF membrane (Immobilon-P, Proteigene, Saint-Marcel, France) was conducted by semi-dry electroblotting (100 V, 2.5 mA for 30 min, Milli Blot system, Proteigene), according to the protocol described previously (Towbin et al., 1979) . After blotting, PVDF membranes were treated with affinity-purified polyclonal anti-23 kDa protein (dilution 1u1000) primary antibodies previously obtained (Rossato et al., 2001b) . The antigen-antibody complex was visualized with alkaline phosphatase linked to goat (Ovis L.) anti-rabbit (Oryctolagus cuniculus L.) IgG as described earlier (Blake et al., 1984) .
Statistical analysis
All data were processed by analysis of variance and mean separation was performed using Fisher-Snedecor test (Statitcf software).
Results
Kinetic study of the effects of methyl jasmonate supply Plant growth: Growth of plants at the vegetative stage treated with methyl jasmonate (MeJa) was not affected during the first 48 h in comparison with control plants (Table 1) . Thereafter, the growth of treated plants was strongly reduced by MeJa as compared with control plants. Thus, after 8 d of treatment, growth of leaves and roots was finally reduced by 69% and 63%, respectively (Table 1) .
Photosynthetic activity and chlorophyll content: After 10 h, photosynthetic activity strongly decreased from 26.5 to 5.7 mmol CO 2 m Y 2 s Y 1 between 10 h and 8 d of treatment, respectively (Fig. 1A) . By contrast, photosynthesis in control plants was constant during the same period at approximately 32 mmol CO 2 m Y 2 s Y 1 (Fig. 1A) . The chlorophyll content in leaves was affected later, after 24 h, decreasing strongly in treated plants, while increasing gradually in control plants (Fig. 1B) . After 8 d of treatment, chlorophyll content in leaves was finally reduced by 84% as compared with control plants (Fig. 1B) .
Nitrate and potassium uptake: Nitrate uptake was strongly repressed within only 6 h of methyl jasmonate treatment ( Fig. 2A) . Northern blots show that both BnNRT1 and BnNRT2 gene expression, encoding low (LATS) and high (HATS) affinity NO 3 Y transporters, respectively, was repressed (data not shown). After 8 d of treatment, nitrate uptake was finally reduced by 90% as compared with control plants (Fig. 2A) . Similar inhibition by MeJa was also found for potassium uptake (Fig. 2B) .
N partitioning in plants:
Partitioning of the 15 N taken up into plant tissues is presented in Fig. 3A , B, C. As a consequence of the inhibition of nitrate uptake by MeJa, 15 N content of leaves, lateral roots and taproot was reduced by 96, 90 and 95%, respectively, after 8 d of treatment as compared with control plants (Fig. 3A, B, C) . Moreover, plants treated with methyl jasmonate showed a significant (P < 0.05) preferential partitioning of 15 N taken up into lateral roots (32% versus 14.3%) at the expense of aerial tissues (Fig. 3A, B, C) . Thus, only 64.8% of 15 N taken up was translocated to leaves of treated plants versus 83.1% for control plants (Fig. 3A, B, C) . This preferential allocation of absorbed 15 N to roots was concomitant with a remobilization of endogenous unlabelled N from leaves to lateral roots and taproot (Fig. 3D , E, F). As a consequence, partitioning of endogenous unlabelled N was modified significantly (P < 0.05) in treated plants, decreasing from 80.5% to 76.7% in leaves, while increasing in lateral roots from 18.3% to 20.5% (Fig. 3D, E, F) . However, in treated plants, preferential Accumulation of the 23 kDa protein: Accumulation of the 23 kDa protein was induced in taproots after only 24 h of methyl jasmonate supply (Fig. 4A) . After 8 d of treatment, this protein became the most prominent polypeptide of the taproot soluble proteins and represented 16% of the total soluble proteins in this tissue (Fig. 4A) . In addition, accumulation of the 23 kDa protein paralleled those of soluble proteins in taproots (data not shown). Using polyclonal antibodies raised against the 23 kDa protein (Rossato et al., 2001b) , an immunologically related protein of 24 kDa was detected in leaves (Fig. 4B ). This 24 kDa protein accumulated later in leaves than in taproots (i.e. within 48 h of methyl jasmonate treatment) and reached 13% of the total leafsoluble proteins after 8 d (Fig. 4B) . By contrast, no immunoreactive protein was found in lateral roots of treated plants (data not shown).
Study of the effects of a methyl jasmonate pretreatment along the growth cycle
Methyl jasmonate pretreatment resulted in further inhibition of cumulative nitrate uptake (calculated from 15 N labelling) during the following 7 d (Fig. 5) . Thereafter, cumulative 15 NO 3 Y uptake was significant although lower than that of control plants. Thus, the inhibition of nitrate uptake by methyl jasmonate seems to be reversible, at least partly, when plants are transferred to a nutrient solution without MeJa. Nevertheless, like control plants, cumulative nitrate uptake of pretreated plants exhibited an inflexion point during flowering (Fig. 5) . At the end of the growth cycle stage G5, total 15 NO 3 Y taken up was finally 1.6-fold lower for pretreated plants as compared with control plants. In addition, total N content of pretreated stems was strongly reduced when compared to control plants (Y 61.7% at day 36 after the end of methyl jasmonate supply, Fig. 6 ). Moreover, N content of pretreated taproots was higher than those of control plants during the first 17 d following MeJa supply, then became lower until the end of the growth cycle (Fig. 6) . Methyl jasmonate pretreatment did not affect the N content of leaves and lateral roots when compared to control plants (Fig. 6) . Western blots performed with polyclonal antibodies raised against the 23 kDa protein show that, in pretreated plants, an immunologically related protein was detected in stems with a similar molecular weight (23 kDa), and in flowers and leaves with a molecular weight of 24 kDa (Fig. 7) . By contrast, no immunoreactive protein was found in lateral roots, pods and grains (data not shown). In taproot and leaves of pretreated plants, the accumulation of this protein was at the highest level 7 d after the end of MeJa supply, and represented 16% and 13% of the total soluble proteins of these tissues, respectively (Fig. 7) . This accumulation was concomitant with the remobilization of the two subunits of Rubisco (Fig. 7) . In flowers and stem, this protein reached 8% and 4% of the total soluble proteins of these tissues, respectively (Fig. 7) . During stem and pod development, this protein was gradually remobilized in taproots, stems and leaves of pretreated plants, to be finally fully hydrolysed at the end of the growth cycle stage G5 (Fig. 7) .
Discussion
According to previous studies, it is well known that methyl jasmonate triggers numerous physiological processes (for reviews see Herman et al., 1989; Farmer and Ryan, 1990; Falkenstein et al., 1991; Pelacho and MingoCastel, 1991; Staswick, 1990 Staswick, , 1992 Staswick, , 1994 Staswick et al., 1991; Sembdner and Parthier, 1993; Koda, 1994; Creelman and Mullet, 1997) . However, the present study clearly shows that given mechanisms are affected at different time scales (Fig. 7) . One of the most immediate consequences was the strong reduction of nitrate and potassium root uptake within 6 h. Other results (data not shown) suggest that NO 3 Y uptake, in particular, was down-regulated at the gene level, as two putative transcripts encoding low (LATS, BnNRT1) and high (HATS, BnNRT2) affinity NO 3 Y transporters were expressed to a low level in MeJa-treated plants relative to control plants. However, this was probably not a specific effect as NH 4
[ (data not shown) and also K [ uptake were similarly affected. This large decrease of nutrient uptake by the root triggered by exogenously supplied MeJa suggests that the down-regulation of NO 3 Y uptake found at the flowering stage (Rossato et al., 2001a) under normal conditions, could be the result of an increased MeJa synthesis in planta. Photosynthesis was reduced later (after 24 h) and less strongly than uptake (Fig. 8) . Chlorophyll content as well as leaf growth decreased in a similar way. These results are consistent with those reported in barley where leaf segments treated with methyl jasmonate exhibited a strong yellowing caused by an intense loss of chlorophyll a and b (Wierstra and Kloppstech, 2000) . This yellowing and the decrease of total chlorophyll content were first visible after 24 h of incubation and progressed substantially during incubation. In rice, jasmonate action was also mediated through the inhibition of photosynthesis (Rakwal and Komatsu, 2001 ). The transpiration rates of plants submitted to MeJa treatment (data not shown) have also been quantified and a very slight reduction was found as previously reported for Hordeum vulgare (Horton, 1991) . The role of MeJa in promoting senescence has been described previously in many species (Noodén, 1988; Anderson, 1989; Horton, 1991; Sembdner and Parthier, 1993; Koda, 1994; Mullet, 1995, 1997; He et al., 2001) , but it has been questioned in monocarpic species whether induced senescence is a result of potential death hormone like MeJa, or a consequence of an increased metabolic drain resulting from the growth of reproductive tissue (Engvild, 1989) . Because the plants used in this study (Experiment 1) were not induced for flowering and therefore remained at the vegetative stage, no corresponding metabolic drain occurred. However, as shown previously (Rossato et al., 2001b) , MeJa increases N cycling within the plant at the expense of leaves, leading to a transient accumulation of N within roots. This fits with results obtained with untreated plants for which N, made available from leaf senescence, is mobilized to taproots and stems acting as a transient N storage buffer if the sink strength of reproductive tissue such as developing seeds is too low (Rossato et al., 2001a) . The accumulation of the 23 kDa putative VSP in taproot occurred very early after MeJa supply, i.e. before 24 h (Fig. 8) and was increased by a 10-fold factor within 8 d. At the same time, the concentration of soluble proteins in taproots was also increased, but to a much lower level (by 139% after 8 days). It follows, from the different ranges of accumulation found for VSP and for soluble proteins, that numerous soluble proteins, other than VSP, must be hydrolysed in the same time.
In order to mimic a transient production of MeJa that may occur under natural conditions, plants induced for flowering were experimentally submitted to a 3 d pulse of methyl jasmonate (Experiment 2). Results showed that VSP accumulation was strongly increased in all tissues analysed and this protein was then fully hydrolysed during the next following week (Fig. 7) . Furthermore, this pattern of accumulationumobilization paralleled the change of total N content in taproot, which reinforces the role of this tissue to act until the end of flowering, as an N storage organ. In addition, the results showed clearly that a MeJa pulse induced a reversible effect on N uptake inhibition. Taken together, these results show a strong relationship between VSP accumulationuremobilization within taproots and the lossurecovery of N uptake activity, and suggest that accumulationuremobilization of taproot VSP could be a marker for the cessation of N uptake and the initiation of a massive leaf senescence. Taken as a whole, the present results suggest that senescence that is directly or indirectly induced by externally supplied MeJa not only decreases photosynthesis and chlorophyll content of leaves but also promotes the hydrolysis of the large and small subunit of Rubisco. These observations match those previously reported in barley and rice where it has been clearly shown that jasmonate causes a reduction of the protein amounts of both subunits of Rubisco (Weidhase et al., 1987b; Reinbothe et al., 1993; Rakwal and Komatsu, 2000) . Furthermore, the decrease in the levels of Rubisco and chlorophyll was also closely related with the decline of the photosynthetic activity (Rakwal and Komatsu, 2001) . It further emphasizes the direct or indirect role that MeJa can exert on nitrogen metabolism in plants (from NO 3 Y uptake, to Rubisco turnover). Studying the implication of this phytohormone on plant defence against pathogen it has been demonstrated that the increased synthesis of nicotine diverted quite a large amount of N from the normal pathways (Baldwin 1988a (Baldwin , b, 1989 Baldwin et al., 1994a Baldwin et al., , b, 1997 . More recently, using Populus plants treated with airborne methyl jasmonate, a large modification of N distribution within plant tissues was shown which was also related to an increased accumulation of VSP (Beardmore et al., 2000) . The vegetative plants used, devoid of any significant metabolic drain such as developing seeds, accumulated available N under the form of specific protein such as the 23 kDa VSP, and in tissues (taproot, stem) having potentially a larger life span than leaves. Proteins immunologically related to the 23 kDa VSP were also found in leaves, stems and flowers, but it remained difficult from the present results to determine the degree of homology of these different polypeptides. Whether or not MeJa is produced by Brassica napus L. during the flowering stage is still speculative although there is convincing evidence showing that amongst volatilized compounds from an oilseed rape culture, some like monoterpene cis-3-hexen-1-ol (McEwan and Macfarlane Smith, 1998), are probably derived from the MeJa biosynthetic pathway. Therefore, future work will be necessary to describe this phytohormone synthesis kinetically under field conditions. Nevertheless, the similarity between plant responses during flowering and seed filling, and the effects of exogenously applied MeJa remains intriguing. In both cases, nitrate uptake is inhibited, senescence promoted, mobilization of foliar N to seeds or alternatively to stem and taproot is increased while the 23 kDa VSP follows a typical pattern of accumulationu mobilization. This appears to be sufficient evidence to ascribe a potential death hormone role to MeJa and a marker role to the 23 kDa VSP for the cessation of N uptake and initiation of a massive leaf senescence in Brassica napus L.
